The MUSIQUE algorithm (Hobiger et al., 2011) was designed to analyze seismic signals recorded by arrays of three-component seismic sensors. The algorithm is based on the MUSIC algorithm (Schmidt, 1986 ) and the quaternion-MUSIC algorithm (Miron et al., 2005) . The first step is the application of the MUSIC algorithm in order to estimate azimuth and velocity of incident waves and discriminate between Love and possible Rayleigh waves. In a second step, the polarization parameters of Rayleigh waves are analyzed using quaternion-MUSIC: the retrograde or prograde sense of Rayleigh wave particle motion and the ellipticity are determined. We applied the MUSIQUE algorithm to seismic wave field recordings by the San Jose Dense Seismic Array. This array has been installed in 1999 in the Evergreen Basin, a sedimentary basin in the Eastern Santa Clara Valley. The data recordings for 22 different regional earthquakes, located between 40 and 600 km from the array and covering all possible azimuths, have been analyzed. We estimate the azimuthal distribution and the energy partition of the different surface wave types that contributed about 40% to the total signal energy. Large amounts of scattered Love waves are systematically coming from the south. For close events to the north, the first higher mode of Love waves dominates the wave field. Scattered retrograde and prograde Rayleigh waves are mainly coming from the eastern border or from the southern and eastern borders, respectively. Dispersion and ellipticity curves obtained by combining results of the different events indicate a shear-wave velocity profile faster than the one given by the Bay area model.
INTRODUCTION
Based on the MUSIC (Schmidt, 1986) and quaternion-MUSIC (Miron et al., 2005 (Miron et al., , 2006 algorithms, the MUSIQUE algorithm (Hobiger et al., 2011) is an advanced three-component seismic array processing technique. In addition to the estimation of azimuth and slowness (i.e. the wave vector) of incoming waves, the algorithm allows the identification of Love and Rayleigh waves and the estimation of the associated polarization parameters (ellipticity and sense of rotation of the Rayleigh wave particle motion as a function of frequency). The distinction between prograde and retrograde particle motion may be helpful to separate the fundamental and higher Rayleigh wave modes or to better identify the left and right flanks of the fundamental Rayleigh wave ellipticity peak.
In this paper, the MUSIQUE technique is applied to earthquake data recorded between 1999 and 2004 by the San Jose Dense Seismic Array in California, a temporary seismological array. The array was located near the eastern edge of the Santa Clara Valley, where deep sedimentary layers form the Evergreen Basin. The south-western edge of the Santa Clara Valley is formed by the Cupertino basin, which is separated from the Evergreen Basin by a subsurface ridge. The geology of the Evergreen Basin is shown in Fig. 1 .
A previous study using data of the San Jose Dense Seismic Array was published by Frankel et al. (2001) . They found that the amplification of seismic waves is stronger towards the south-western edge of the Evergreen Basin. Furthermore, they observed patterns of waves traveling across the array. For earthquakes located east of the basin, surface waves from the south follow the direct S-wave arrivals. Frankel et al. (2001) identified these surface waves as Love waves which are probably generated by S-wave scattering at the southern border of the Santa Clara Valley. Wentworth, 1997) Brocher et al., 1997) 
Fig. 1. (Left) Map showing the superficial geology (by

of the Santa Clara Valley and the location of the San Jose Dense Seismic Array. In the zoom on the array (right), the array stations and the depth contour layers (by
of the Evergreen Basin are shown in 500-m-intervals. The basin reaches a maximum depth of about 8 km.
[ Figure extracted from Frankel et al., 2001] Another study using the San Jose Dense Seismic Array was performed by Hartzell et al. (2003) , who investigated the site response for local and regional earthquakes and identified surface waves generated or scattered at the edges of the Santa Clara Valley and near the western edge of the Evergreen Basin. Hartzell et al. (2006) developed a detailed 3D velocity model of the Santa Clara Valley and showed the importance of surface waves crossing the basin by ground motion modeling.
In a further study by Hartzell et al. (2010) , it was shown that the maximum of amplification occurs at the southern edge of the basin for the horizontal motion, whereas it occurs at the deepest parts of the basin for the vertical component. The authors suggest that this can be attributed to differences in the interaction with the basin shape for Love and Rayleigh waves or that Love waves are more influenced by the lower shear wave velocity region at the south-western edge of the basin. Fletcher et al. (2003) analyzed the data of a different array covering the whole Santa Clara Valley. They investigated the P-and Swave arrival times from both local deep events and teleseismic events and found that the arrivals are delayed for stations located in the Evergreen or Cupertino Basins, but arrive earlier for stations located on the ridge between both basins. Furthermore, they determined that the attenuation is larger in the basins than on the ridge. Dolenc et al. (2005a) used the same array recordings and showed that the P-wave arrival time delays and amplification parameters for teleseismic events are correlated. Another study by Dolenc et al. (2005b) , which was based on the same array, analyzed microtremor records. This study indicated that the energy of the seismic noise recorded by the array is related to the wave height on the ocean and that the H/V ratio for the different sensors is stable in time.
In order to better investigate and understand the wave propagation in the Evergreen Basin, we perform a systematic analysis of the propagation of surface waves in the basin, not only for a single earthquake, but for a set of earthquakes and study the correlation between surface wave types (Love, Rayleigh) and earthquake characteristics (location, magnitude). Therefore, 22 regional earthquakes in distances between 40 and 600 km are selected and the repartition and azimuth angles of Love and Rayleigh waves are investigated in different frequency ranges. Furthermore, by combining the data for the different events, we obtain Love and Rayleigh wave dispersion curves as well as Rayleigh wave ellipticity curves.
THE MUSIQUE ALGORITHM
The first processing step of the MUSIQUE algorithm (Hobiger et al., 2011) is the use of "classical" MUSIC (Schmidt, 1986) , an algorithm based on the separation of signal and noise subspaces. Using an array composed of N three-component seismic sensors, the data of all sensors in the frequency domain are given by three (complex) data vectors X i (f) (each of size N x 1), where i = 1 for the vertical, i = 2 for the eastern and i = 3 for the northern component. For each component, a covariance matrix S i (f) of size N x N is calculated by
where E(x) denotes the expectation value and † stands for complex conjugation. In order to include the data of all three sensor components, the three resulting covariance matrices are simply added to form a single covariance matrix S(f) whose associated eigenvectors and eigenvalues are calculated. The eigenvectors associated to the largest eigenvalues span the signal subspace. The remaining eigenvectors span the noise subspace G. Azimuth θ and slowness s of the most energetic wave arrivals are identified by maximizing the
where the steering vector a and the wave vector k are given by
R is the sensor position matrix and the slowness is denoted by s(f). A two-dimensional grid search for the wave azimuth θ and slowness s identifies the values maximizing P.
In order to separate the radial and transverse components of particle motion, the horizontal components are projected in the identified azimuth direction to form the radial signal X radial (f) and the transverse signal X transverse (f). Based on the energy of these signals, Love and Rayleigh waves are distinguished in the following way: If the transverse component carries more energy than the sum of the radial and vertical components, the wave is identified as a Love wave. In the opposite case, it is identified as a possible Rayleigh wave. For Love waves, the processing stops here.
For Rayleigh waves, the polarization between the radial and vertical component is of major interest. In the MUSIQUE algorithm, the estimation of this polarization relationship is performed using the quaternion-MUSIC algorithm (Miron et al., 2005 (Miron et al., , 2006 . This algorithm is based on quaternions, hypercomplex numbers of dimension 4 (e.g. Ward, 1997) . A thorough presentation of quaternions would be far beyond the scope of this article, but we will briefly introduce the fundamental concept here. Quaternions can be understood as an extension of complex numbers. Instead of using a single complex imaginary unit i, three different imaginary units i, j and k are used, satisfying
The advantage of the quaternion formulation is the following: The analysis of the polarization of Rayleigh waves requires the data of the radial and vertical components. Both are given as complex-valued data vectors X radial (f) and X vertical (f) (both of size N x 1). Using the quaternion formulation, it is possible to merge both data vectors into a single data vector X q (f) by
In this way, the polarization relation between both components remains naturally preserved in the data. The quaternion-valued covariance matrix S q (f) (of size N x N) is then built in the same way as described in equation (1) and the quaternion-MUSIC functional is analog to equation (2), but the quaternion-MUSIC steering vector is given by
where ϕ is the phase difference between the vertical and radial components and ρ the amplitude parameter. The ellipticity is given as tan ρ.
The original quaternion-MUSIC algorithm includes a four-dimensional grid search for the four parameters: azimuth θ, slowness s, phase difference ϕ and amplitude parameter ρ. Nevertheless, both azimuth and slowness have already been estimated in the first step, and the two remaining parameters can be determined in an analytical way. In theory, retrograde particle motion corresponds to a phase shift of ϕ = 90° between vertical and radial component and prograde motion to ϕ = 270°. To allow deviations from these theoretical values, waves with phase differences in the range [45°, 135°] are identified as retrograde waves and waves with phase differences in [225°, 315°] as prograde waves, leaving the intermediate values unclassified.
In this way, the MUSIQUE code estimates azimuth θ and slowness s, identifies Love and Rayleigh waves and evaluates the polarization parameters ϕ and ρ of Rayleigh waves, distinguishing between retrograde and prograde particle motion.
ARRAY SETUP
In early 1999, the United States Geological Survey (USGS) deployed an array of Kinemetrics K2 accelerometers in the eastern part of the Santa Clara Valley, i.e. in the Evergreen Basin. The different instruments were operated in triggered mode. The array layout is shown in Fig. 2 (a) and the array response corresponding to the stations selected for this study in Fig. 2 (b) . The P-and S-wave velocities along the profile marked in Fig. 2 (a) are indicated in Fig. 2 (c) and (d), respectively. Along this profile, the thickness of the sedimentary filling of the basin reaches more than 5 km. The velocity profiles were obtained using the USGS San Francisco Bay Area Model of seismic velocities (USGSBayAreaVM-08.3.0), which is based on the works of Brocher et al. (2005) and Phelps et al. (2008) . For this model, the theoretical Rayleigh and Love wave dispersion curves for the structure beneath the different array stations have been calculated.
The south-western stations of the array are located on the border of the Evergreen Basin. Therefore, their dispersion curves are different from those of the central stations. Consequently, for this study we used only the 25 seismic stations in the basin center, which are indicated by the red circles in Fig. 2 (a) . As the structure of the basin underneath these stations is rather homogeneous, their respective dispersion and ellipticity curves are very similar. To give an example, the dispersion curves for the station marked by a green circle in Fig. 2 (a) are shown in Fig. 2 (e) and the ellipticity curves in Fig. 2 (f) . As the velocity contrast of the model is not very large, the group slownesses of both surface wave types do not show a distinct Airy phase. Furthermore, the theoretical ellipticity curve for the fundamental mode does not exhibit a singularity. Consequently, the motion of this mode should be retrograde at all frequencies. As the motion of the first harmonic mode is prograde, both modes should be separable by the sense of rotation of their particle motion. 
DATABASE
The San Jose array recorded a total of 148 earthquakes between May 1999 and May 2004. However, during this time, some stations of the array were subsequently moved to locations at other places in the Santa Clara Valley, reducing the number of recording stations for earthquakes occurring in the late phase of the deployment. As the different seismic sensors were triggered, the total number of stations actually recording a seismic event depends on the magnitude and distance of the earthquake. In order to have a good signal-tonoise ratio and as much seismic sensors as possible for the array analysis, we selected 22 earthquakes whose properties are given in Table 1 for our analysis. Figure 3 shows the epicenters of the respective events. 
Fig. 3. Map showing the epicenters of the analyzed earthquakes with respect to the location of the San Jose Dense Seismic Array. The diameters of the circles are proportional to the magnitudes of the respective earthquakes.
AZIMUTHAL ENERGY REPARTITION
According to Table 1 , there are 4 events in the data set for which the actual recording time is significantly longer than 3 minutes. This allows us to compare the early arrivals of the respective events with the late signal, i.e. when no direct waves are present in the data any more and the wave field is mainly composed of scattered waves. We will show the results for event 1, whose epicenter is located to the east of the array. In Fig. 4 , the energy distribution with respect to the incident angle for this event is plotted for Rayleigh and Love waves in different frequency ranges. In Fig. 4 (a-f), both Love and Rayleigh wave energies are normalized to their respective maximum. The relative energy distributions of Rayleigh and Love waves which are indicated in Fig. 4 (g-h) are normalized in such a way that the sum of the total energies of Love and Rayleigh waves over all frequency ranges equals 1.
In the early signal (the first 75 s), the main Love wave arrivals are principally coming from the direction of the epicenter, i.e. under an azimuth of 85° in all frequency ranges (Fig. 4 (a-c) ). The small deviations to the north can be explained by wave refraction at the eastern basin edge. Actually, the north-western to south-eastern orientation of the basin refracts waves arriving from the east by some degrees to the south, so that the array detects them from a direction shifted to the north. At low frequencies (below 0.3 Hz), Rayleigh waves arrive principally from the epicenter direction, but their amplitude is very low (Fig. 4 g) . At higher frequencies, prograde Rayleigh waves are still arriving from eastern directions, but are more scattered than Love waves, whereas retrograde Rayleigh waves are even arriving from the southwest.
In the late signal (after 200 s, Fig. 4 (d-f) ), the total energy content is ten times lower than in the early signal and the Love wave energy is significantly larger than the Rayleigh wave energy (Fig. 4 (h) ). At all frequencies, a dominant Love wave contribution arriving from the south can be seen, with minor contributions from other directions. This signal from the south has already been observed by Frankel et al. (2001) who attributed it to scattered Love waves. The scatterer could be either a large rock formation located south of the array or the southern basin edge (see Fig. 1 ). For Rayleigh waves, the energy distribution is rather inhomogeneous, but the most energetic part of Rayleigh waves, retrograde waves between 0.2 and 0.3 Hz, are also arriving from the south.
Fig. 4. Azimuthal energy distribution for different frequency ranges for (a-c) the first 75 s of signal and (d-f) the signal after 200 s for the recordings of event 1. The blue dot indicates the epicenter direction. The curves for all different wave types are normalized to their respective maxima. (g) and (h) give the relative energy distribution in the respective frequency ranges for the early and the late signal, normalizing the total energy in the early and late signal to 1, respectively.
For the other events, the detailed pattern of scattered waves is evidently different. However, by combining the analysis results for all 22 events and neglecting all waves arriving within 45° of the respective epicenter direction, we can analyze the scatterers in the basin structure. The results are shown in Fig. 5 . Scattered Love waves arriving from the south can be observed at all frequencies. At frequencies below 0.3 Hz, scattered Rayleigh waves are also generated at the southern basin border, while energetic retrograde Rayleigh waves are arriving from the eastern basin border for frequencies above 0.3 Hz. However, most of the prograde Rayleigh wave energy is arriving from the south between 0.4 and 0.5 Hz.
(a)
Fig. 5. (a-d) Scattered energy for different frequency ranges, combining all 22 events. The figures have been obtained by omitting all wave arrivals within 45° from the direct azimuth for the respective events. (e) gives the relative energy distribution in the respective frequency ranges.
DISPERSION CURVES
The energy repartition between Love and Rayleigh waves is varying from one earthquake to another. Consequently, the different events reveal different parts of the dispersion curves. We cannot show the dispersion curves for all events here, but limit us to some relevant examples. The most energetic event, the Hector Mine earthquake (event 5), generated a large proportion of Love waves. The Love wave dispersion curve for this event is compared to the theoretical dispersion curves for the basin model in Fig. 6 (a) . The Love wave dispersion curve of the fundamental mode is relatively well retrieved, but no evidence for the presence of higher modes is visible. The two series of events 13-16 and 18-21 have been combined because their epicenters lie very close (see Table 1 and Fig. 3 ). They show a dispersion curve which is actually very close to the theoretical dispersion curve for the first harmonic mode of Love waves (Fig. 6 (b) ). In the data for other events, the first higher Love wave mode is not visible.
The slowness values which were calculated for all events separately are combined to a single Love wave dispersion curve in Fig. 6 (c) . This curve has been obtained by summing the data for the single events after normalizing them by their respective total energies. In this way, the information of the most energetic events does not mask the information of less energetic events. The dispersion curve of the fundamental Love wave mode is found between 0.15 and 0.5 Hz, the first harmonic mode is clearly visible between 0.3 and 0.5 Hz.
Compared to the Bay Area Model, our dispersion curve measurements for both Love wave modes are in good agreement in their respective higher frequency parts, but shifted to lower slowness values in their low frequency parts. This confirms the superficial structure of the Bay Area Model, but indicates that the velocities of the deeper layers might be underestimated in this model.
For retrograde Rayleigh waves, some data points can be seen between 0.2 and 0.5 Hz in Fig. 6 (d) . As their values are very close to the measured Love wave dispersion curve, it is not clear whether these are well-identified Rayleigh waves or misidentified Love waves.
For the prograde Rayleigh waves in Fig. 6 (e), clear data can only be seen above 0.2 Hz. The large spot identified at 0.4 Hz could represent the first harmonic Rayleigh wave mode and is clearly separated from the first harmonic Love wave mode. Nevertheless, from the analysis of retrograde and prograde Rayleigh waves, it is difficult to retrieve a clear dispersion curve. This is certainly due to the fact that the wave field is dominated by Love waves, which bias the estimation of Rayleigh wave dispersion curves.
An alternative way of analyzing the data without taking Love waves into account is to use the vertical component of the signals only. However, the polarization characteristics of the waves, i.e. retrograde or prograde sense of motion as well as ellipticity, cannot be retrieved in this case. The resulting dispersion curve for this analysis is shown in Fig. 6 (f) . The data form a large cloud of points which covers the theoretical dispersion curves for the basin model's fundamental and first harmonic Rayleigh wave modes. It cannot be determined to which mode the data points correspond or if they correspond to a mixture of both modes. However, the cloud of points is clearly distinguished from the Love wave dispersion curve of Fig. 6 (c) . This suggests that the retrograde Rayleigh wave dispersion curve of Fig 
ELLIPTICITY CURVES
The ellipticity curves estimated by MUSIQUE combining the results of all events are shown in Fig. 7 for retrograde and prograde Rayleigh waves. The retrograde ellipticity curve is badly estimated and no ellipticity curve can be identified. For the prograde Rayleigh waves, a scattered ellipticity curve is retrieved, which can be attributed to the first harmonic mode. Below about 0.18 Hz, very few prograde waves are identified compared to the higher frequency part. According to the basin model, the first harmonic mode does not exist below 0.17 Hz. Actually, the estimated ellipticity values are close to the first harmonic mode of the Bay Area Model. This is further evidence that the fundamental mode does not exhibit a singularity. If such a singularity existed, the motion of the fundamental mode of Rayleigh waves would be prograde for the frequency range of the right flank of the peak and consequently bias the ellipticity estimation of the first harmonic mode.
(a) 
CONCLUSION
This study investigated the seismological wave field which was generated by regional earthquakes in the Evergreen Basin, California, using MUSIQUE. In addition to the determination of wave azimuth and velocity, this technique allows the identification of Love, retrograde and prograde Rayleigh waves. For all seismic events, a large amount of the Love wave energy arrives from the south, even for northern earthquakes. Frankel et al. (2001) already found evidence for a Love wave scatterer located south of the array and attributed it either to a rock formation or to the southern basin edge. Apart from these scattered Love waves, direct Love waves arrive under azimuths which are slightly deviated from the theoretical earthquake azimuths. The deviations are likely to be explained by refraction of incident waves at the lateral borders of the basin. Rayleigh waves are more scattered and arrive under a multitude of different azimuths. As a detailed model of the San Francisco Bay Area exists, numerical simulations could help to better understand the propagation patterns and identify the most important wave scatterers. This might also help to understand the relations between earthquake characteristics, surface wave mode generation (fundamental and harmonic modes) and the propagation of surface waves.
For the events located the closest to the array (about 40 km), the first harmonic Love wave mode dominates the wave field. For the other events, no harmonic Love waves of significant amplitude can be identified. They might be produced during those earthquakes as well, but attenuated on their way to the array or this might be a feature attributed to the special location of the close earthquakes. By combining the information of all earthquakes, we succeeded in retrieving the Love wave dispersion curves for the fundamental and the first higher mode. The measured dispersion curves are in good agreement with the Bay Area Model at the higher frequency parts of the respective modes, but faster than the model curves at the low frequency parts. This indicates that the model might underestimate the actual wave velocities of the deeper layers. The dispersion curve found for retrograde Rayleigh waves is very close to the measured Love wave dispersion curve and could be biased by Love waves as well, particularly because the curve is completely different from the curve obtained by analyzing the vertical components of the signal only. Furthermore, no ellipticity curve can be attributed to these waves. For prograde Rayleigh waves, however, it is possible to identify the dispersion curve and assign an ellipticity curve.
The inter-sensor spacing of the array sets the upper frequency limit of our analysis. Furthermore, the structure of the basin is not absolutely homogeneous underneath the entire used array. Therefore, a smaller, but denser array located in the central part of the basin would allow us to study the higher-frequency part of incident waves. This might help to further increase the understanding of the surface wave propagation in the Santa Clara Valley.
